Glioblastoma (GBM) is one of the most aggressive central nervous system tumors with a patient's median survival of o1 year. Polo-like kinases (PLKs) are a family of serine/threonine kinases that have key roles in cell cycle control and DNA-damage response. We evaluated PLK1, 2, 3 and 4 gene expression in 8 GBM cell lines and 17 tumor samples, and analyzed the effect of the PLK1 inhibition on SF188 and T98G GBM cell lines and 13 primary cultures. Our data showed PLK1 overexpression and a variable altered expression of PLK2, 3 and 4 genes in GBM tumor samples and cell lines. Treatments with nanomolar concentrations of BI 2536, BI 6727, GW843682X or GSK461364 caused a significant decrease in GBM cells proliferation. Colony formation was also found to be inhibited (Po0.05), whereas apoptosis rate and mitotic index were significantly increased (Po0.05) after PLK1 inhibition in both GBM cell lines. Cell cycle analysis showed an arrest at G2 (Po0.05) and cell invasion was also decreased after PLK1 inhibition. Furthermore, simultaneous combinations of BI 2536 and temozolomide produced synergistic effects for both the cell lines after 48 h of treatment. Our findings suggest that PLK1 might be a promising target for the treatment of GBMs.
INTRODUCTION
Glioblastoma (GBM) is one of the most aggressive tumors, representing the main primary brain neoplasia in adults. 1 In children GBM is less frequent, representing 0.6-7.9% of all gliomas. 2 Standard treatments consist of surgery, radiotherapy and chemotherapy with temozolomide (TMZ). 3 Nonetheless, this tumor is still one of the hardest to treat, with high recurrence rates favored by the capacity of tumor cells to invade/infiltrate adjacent tissue, high proliferation, and cellular and genetic heterogeneity. 4 Many therapy modalities have been tested in order to improve patient outcome, although their efficacy is still below expectations. Thus, the search for novel therapeutic targets is still urgent.
Polo-like kinases (PLKs) belong to a family of five highly conserved serine/threonine kinases (PLK1, PLK2, PLK3, PLK4 and PLK5) that have key roles in cell cycle progression. 5 PLK1 is the most studied member of this family and is crucial to cell division, from chromosome maturation in G2 to cytokinesis. 6 In normal tissues PLK1 is found only in proliferating cells. Increased PLK1 gene expression has been described in different neoplasias, a change correlated with prognosis in some cancers. 7 The inhibition of PLK1 has shown to cause cell cycle arrest and to increase apoptosis in several models. 8 The inhibition of PLK1 has a cytotoxic effect on cells, and because of this several inhibitors have been developed. 9 Among them, the majority of PLK1 inhibitors are ATP competitors that act on the ATP-binding pocket of the kinase. 10 Among them, there is the BI 2536, a dihydropteridinone derivate, 11 and the BI 6727, which is the second-in class dihydropteridinone derivate, 12 that have shown to efficiently inhibit specifically the activity of PLK1.
Other groups of ATP competitors PLK1 inhibitors are thiophene benzimidazole derivates, like GSK461364A, 11 and GSK461364A, an imidazotriazine; 10 both of them are highly efficient PLK1 inhibitors that rapidly forms a reversible complex with PLK1. On this basis, the aim of our study was to evaluate the differential expression of PLKs in GBM samples and to test the in vitro effects of PLK1 inhibition on GBM cell lines and primary cultures.
MATERIALS AND METHODS

Tumor samples
Samples were collected under informed consent from patients submitted to surgical resection at the University Hospital of Ribeirão Preto. In all, 17 GBM samples (13 adults (76.47%) and 11 males (64.70%)) were used to evaluate gene expression and 13 tumor samples were used to obtain primary GBM cultures to be used in PLK1 inhibition tests. Five nonneoplastic white matter samples were obtained from epileptic patients undergoing temporal lobectomy. The study was approved by the Ethics Committee of the institution (Proc. 7328/2009).
Cell culture
The adult human GBM cell lines U251, U138, U87, T98G, U343 and MO59K were purchased from ATCC (Manassas, VA, USA). The LN319 cell line was provided by Dr Frank Furnari, Ludwig Institute for Cancer Research, CA, USA, and the pediatric SF188 cell line was provided by Drs Nada Jabado and Damien Faury, McGill University, Canada. The T98G and SF188 cell lines were chosen to be used in functional tests, due to the fact that they have PLK1 overexpression in similar pattern to GBM samples and because they are different from each other, representing the heterogeneity present in GBMs tumors. T98G is resistant to treatment with TMZ and SF188 is a pediatric cell line.
Cells were cultured in HAM-F10 (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, penicillin (100 U ml À 1 ) and streptomycin (100 mg ml À 1 ) at 37 1C in a humidified 5% CO 2 incubator. Thirteen primary cultures were obtained from fresh GBM samples. Briefly, after aseptic collection, samples were minced and enzymatically disaggregated for 1 h in 0.5% collagenase type IV (Life Technologies). Cells were then centrifuged; the collagenase was removed and replaced with medium. Cultures were then kept at 37 1C in a humidified 5% CO 2 incubator. Only cells in the third passage were used.
Drug and treatments
BI 2536, BI 6727, GW843682X and GSK461364 were purchased from Axon Medchem (Groningen, the Netherlands). Stock solutions were prepared in dimethyl sulfoxide according to the manufacturer's instructions and stored at À 80 1C. For experiments, cells were treated with nanomolar concentrations of BI 2536 (5, 10, 50, 100 and 150 nmol l À 1 ) for 24, 48, 72 and 96 h as described in the literature. 13 Vehicle alone was used as control. To confirm the effect of PLK1 inhibition, the other compounds were tested on both the cell lines in the proliferation assay, using 50, 100 and 150 nmol l À 1 of BI 6727; 300, 600 and 1200 nmol l À 1 of GW843682X and 75, 150 and 300 nmol l À 1 of GSK461364. TMZ was extracted from the commercial capsule TEMODAL (ScheringPlough, Rio de Janeiro, Brazil) and diluted in water, according to the manufacturer's instructions, considering 85% of the active principle. Micromolar concentrations were used in all experiments (50, 100 and 250 mmol l Quantitative real-time RT-PCR Total RNA was isolated using Trizol Reagent (Life Technologies, Carlsbad, CA, USA) and reverse-transcribed using the High Capacity kit (Applied Biosystems, Foster City, CA, USA). Quantitative real-time RT-PCR was performed in triplicate in 10 ml reactions using inventoried TaqMan (Life Technologies) probes for PLK1, 2, 3 and 4 (Hs00153444_m1, Hs00198320_m1, Hs00177725_m1 and Hs00179514_m, respectively, Applied Biosystems) in the ABI Prism 7500 Sequence Detector (Applied Biosystems).
Hypoxanthine guanine phosphoribosyl transferase (4310890E0) and TATA-binding protein (4310891E) were used as endogenous controls.
14 A pool of four white matter samples was used as a calibrator. Relative quantification was performed by the 2 À DDCt method. 15 Measurement of cell growth by the XTT cell proliferation assay A total of 2.2 Â 10 3 cells per well were seeded in 96-well plates and allowed to adhere overnight. Next, BI 2536 was added at different concentrations and incubated for 24, 48, 72 and 96 h. After each period, the culture medium was replaced with medium containing 10 ml of XTT dye (3 mg ml À 1 ) (XTT II; Roche Molecular Biochemicals, Indianapolis, IN, USA) in each well. The plates were incubated for 2 h at 37 1C and results measured at 450 nm using an iMark microplate reader (Bio-Rad Laboratories, Philadelphia, PA, USA). Cell growth was also monitored at selected intervals by Trypan blue exclusion. For drug combination analysis, the cell lines were treated in three different schedules. For simultaneous treatment, cells were concomitantly exposed to the different concentrations of BI 2536 and 250 mmol/l of TMZ. For sequential treatments, cells were either pretreated for 24 h with the different concentrations of BI 2536 and exposed to TMZ, or pretreated with TMZ and exposed to BI 2536 after 24 h. At both sequential conditions, cultures were evaluated 48 h after adding the second drug.
Colony formation assay
Clonogenic assays were performed according to Franken et al. 16 Single-cell suspensions of 200 cells were seeded and treated for 24 h with BI 2536 at 5, 10 and 50 nmol l À 1 concentrations combined or not with 50 mM TMZ for SF188 or 100 mmol l À 1 TMZ for T98G. Next, culture medium was replaced with drug-free medium. Cell cultures were then incubated for 7 days and the colonies were fixed and stained with Giemsa. Only colonies with 450 cells were counted.
Detection of cell death
A total of 3 Â 10 4 cells were seeded on six-well plates and allowed to attach. After 24 h, the medium was replaced and cells were treated with different concentrations of BI 2536 or BI 2536 combined with TMZ (250 mmol l À 1 ) and cultured for an additional 48 h. Briefly, the treated cells were trypsinized, centrifuged and mixed with 2 ml of the dye solution, 25 ml propidium iodide (5 mg ml À 1 ), fluorescein diacetate in dimethyl sulfoxide (15 mg l À 1 ), Hoechst 33342 in water (2 mg ml À 1 ), and incubated at 37 1C for 5 min. Samples were then analyzed by fluorescence microscopy with a triple filter. Five hundred nuclei were analyzed per treatment and cells were scored and categorized according to differential staining.
Cytogenetic analysis and chromosome preparations
A total of 2 Â 10 5 cells were seeded in 25-cm 2 tissue culture flasks containing 5 ml of culture medium. After 24 h, cells were treated with BI 2536 or BI 2536 combined with TMZ at different concentrations and then incubated for 24, 48, 72 and 96 h until harvesting. After each period, cells were trypsinized, hypotonically treated (0.075M KCl), and fixed with methanol:glacial acetic acid (3:1). Cells were then dropped onto glass slides, allowed to air dry and stained with Giemsa. The mitotic index represents the percentage of cells in mitosis at a specific culture condition (1000 cells were scored).
Cell cycle analysis.
For cell cycle analysis, 2 Â 10 5 cells were seeded on 25-cm 2 flasks and treated with different BI 2536 concentrations for 24, 48, 72 and 96 h. Cells were then trypsinized and fixed in 70% ethanol, stained with propidium iodide, and analyzed with a Guava Personal Cell Analysis system (Guava Technologies, Hayward, CA, USA) according to the protocol provided by the manufacturer. Percentages of cells in G0/G1, S, or G2/M phase were determined and processed using the GUAVA Cytosoft software, version 4.2.1.
Invasion assay
The Matrigel-coated invasion assay (BD Bioscience, Bedford, MA, USA) allows the evaluation of the capacity of the cell to degrade the extracellular component, once the Matrigel contains laminin, proteolgycans and collagens. In this study, 5 Â 10 5 cells were treated with different concentrations of BI 2536 (10, 50, 100 and 150 nmol l 
Statistical analysis
Statistical analyses were performed using the SigmaStat software 3.5 (Jandel Scientific Company, San Rafael, CA, USA). One-way repeated measures analysis of variance followed by the Holm-Sidak pairwise multiple comparison was used. All tests were carried out for a ¼ 0.05. Effective concentrations (IC 50 ) were analyzed using the CalcuSyn software 2.0 (Biosoft, Ferguson, MO, USA). This program provides a measure of the combined drug interactions by the generation of a combination index (CI) value. The CI is based on the multiple drug-effect equation of Chou and Talalay 17 and defines the drug interactions as synergistic CI value o1, additive for CI value ¼ 1 and antagonistic for CI value 41. Calcusyn software was also used to calculate the dose reduction index of drug combinations that estimates the extent to which the dose of one or more agents in the combination can be reduced to achieve effect levels that are comparable with those achieved with single agents. Figures for PLKs gene expression were obtained using the GraphPad Prism software, version 5.0.0 (GraphPad, La Jolla, CA, USA).
RESULTS
Gene expression.
All cell lines and tumor samples showed increased levels of PLK1 expression when compared to the white matter pool (Figure 1) . Upregulation of PLK2 was observed in all cell lines when compared to the control. In GBM samples, a high expression of PLK2 was observed for only five patients (Figure 1 ). Seven out of eight cell lines showed PLK3 downregulation whereas 50% of tumor samples showed lower levels of this gene ( Figure 1 ). All GBM cell lines showed upregulation of PLK4, and all but three tumor samples showed similar expression patterns (Figure 1 ).
PLK1 inhibition causes a decrease in cell proliferation in vitro BI 2536 significantly inhibited the growth of both GBM cell lines when compared to control (0.1% dimethyl sulfoxide) at all times tested (Po0.05), causing a significant reduction in viability in this cell lines (Figure 2a) . The drug presented a maximum effect at 72 h, reducing proliferation by 69 and 50% for SF188 and T98G, respectively. The median dose effect (IC 50 ) values for BI 2536 were determined as 7.75 nmol l À 1 for SF188 and 79.07 nmol l À 1 for T98G after 72 h of treatment.
BI 2536 also inhibited cell proliferation (Po0.05) in primary cultures after 48 h of treatment with 10, 50 and 100 nmol l BI 6727, GW843682X and GSK461364 also inhibited cell proliferation (Po0.05) in both the cell lines (Figure 2e ) after 72 h of treatment. The GW843682X compound showed to be more effective in the inhibition of cell proliferation in SF188 cell lines; meanwhile, the GSK461364 was more efficient for T98G cell lines.
BI 2536 decreases the clonogenic capacity of GBM cell lines Clonogenic capacity shows the cell renewal potential of a cell after treatment; this corresponds to a long-term response after treatment, and because of this, lower concentrations are normally used. PLK1 inhibition by BI 2536 significantly reduced the clonogenicity of both cell lines compared to the control (Po0.05) (Figure 2d ). The clonogenic capacity of the SF188 cell line was reduced by 63, 80 and 93% after treatment with 5, 10 and 50 nmol l À 1 , respectively, and by 82, 83 and 93% when 5, 10 and 50 nmol l À 1 were combined with 50 mmol l À 1 of TMZ. In T98G cells, BI 2536 reduced the clonogenic capacity by 35, 79 and 98% at 5, 10 and 50 nmol l À 1 , respectively, and, when combined with 100 mmol l À 1 of TMZ, the inhibition corresponded to 39, 76 and 98%, respectively. The IC50 for the SF188 cells was 2.28 nmol l À 1 , and for T98G cells, it was 6.1 nmol l À 1 . BI 2536 induces mitotic arrest in GBM cell lines BI 2536 treatment induced a strong G2/M arrest in SF188 and T98G cells when compared to the controls at all times tested ( Figure 3) . This effect was also demonstrated by the significant increase of mitotic cells up to over 20% in both GBM cell lines after 24 h (Po0.05) (Figure 4a ). Cytogenetic analysis also evidenced a distinctive morphological appearance of treated cells with multiple micronuclei (data not shown).
BI 2536 increases cell death in GBM cells BI 2536 treatment mediated a significant increase in the death rates that rise to B30% for SF188 and to B60% for T98G (Po0.05) (Figure 4b ). For SF188 cells, such an increase was statistically significant at all times for the 100 nmol l À 1 treatment; however, at lower concentrations, the increase in dead cells was not always observed, and this was not much different when BI 2536 was combined with TMZ. For T98G cells, the increase of cell death was significant after treatment with 50 and 100 nmol l À 1 at all times, and this increase was also observed with the combined treatments.
BI 2536 inhibits cell invasion in GBM The Matrigel assay was used to observe how cells can invade through a matrix that represents the neutrophils in the human body. Invasion assays using transwell chambers coated with Matrigel showed significant reductions in invasion in a dosedependent manner for SF188 and T98G cells (Figure 4c) , with a highest reduction of 440% for T98G and 430% for SF188 at 50 nmol l À 1 of BI 2536 (Pp0.05).
BI 2536 interacts synergistically with TMZ In order to determine the ability of BI 2536 to sensitize GBM cell lines to the conventionally used TMZ, we measured the effects of combined treatments and tested different schedules with either simultaneous or sequential drug exposure. As shown in Table 1 . Conversely, when both cells lines were pretreated with TMZ and exposed to Figure 1 . Relative PLK1-4 gene expression in glioblastoma (GBM) cell lines and GBM tumor samples. HPRT and TBP were used as endogenous genes and a pool of white matter (WM) samples was used as a calibrator; PLK1 expression levels were depicted separately for the cell lines used in functional studies: T98G (16 times higher than WM) and SF188 (11 times higher than WM). different concentrations of BI 2536, antagonistic effects were observed (CI41).
DISCUSSION
GBM is the most aggressive tumor of the central nervous system. 18 Even with the advent of TMZ, current treatments show very limited benefits regarding survival and prognosis. 19 Different approaches are now being used to identify new molecular markers for therapeutic purposes, among which, the members of the PLK family have been identified as potential targets in different tumors. Increased PLK1 expression has previously been demonstrated in GBM cell lines and tumor samples when compared to low-grade gliomas, 20 reinforcing the hypothesis of PLK1 being an important factor in tumor maintenance. 21 Recently, Lee et al. 22 demonstrated via microarray profiling of 467 human GBM samples, a close association between high PLK1 expression and more proliferative phenotypes. Moreover, PLK1 inhibition by siRNA decreased cell viability in vitro and in xenograft models. [22] [23] PLK2 hyperexpression, on the other hand, has been reported in osteosarcomas, 24 where its downregulation has been associated with chemotherapy resistance in epithelial ovarian cancer. 25 Both genes (PLK1 and PLK2) are involved in cell cycle progression. Compelling evidence shows that clinical response to cytotoxic drugs is generally significantly higher for rapidly proliferating tumor cells, [26] [27] [28] such as those with higher PLK1/PKL2 levels. Consequently, albeit predicting tumor aggressiveness increased cell proliferation may result in a better response to chemotherapy, increasing the patient's survival time.
Similar to PLK2, PLK3 shows a peak of expression in G1, although it can be found during all cell cycle phases due to its high stability. 29 Our results showed downregulation of PLK3 in most cases when compared to the white matter pool. Lower levels of PLK3 have been observed in different tumors, suggesting that its ) after 72 h. *Po0.05.
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PLK4 has an important function in mitotic progression and is also involved in centriole duplication. 7 While loss of heterozygosity and downregulation of PLK4 have been described in hepatocellular carcinoma, 30 its hyperexpression has been reported for colon carcinoma. 31 Our results were also controversial: all the cell lines studied showed upregulation of this gene, though some tumor samples showed low levels of PLK4.
Functional studies of PLK1 inhibition have recently reinforced the important role of these proteins in tumor progression and maintenance. PLK1 inhibition by RNAi demonstrated to have antitumoral effects, causing mainly mitotic arrest, aneuploidy and apoptosis. 32 It has been proposed that the response to PLK1 inhibition is dependent on TP53; 9 SF188 has been reported as mutated, however, T98G has controversial reports. 33 Among the different compounds being developed that inhibit PLK1, BI 2536 has shown anticancer activities against different tumor cells. 34 Herein, we demonstrated that BI 2536, BI 6727, GW843682X and GSK4613640 efficiently decrease proliferation in GBM cells. Hu et al. 29 also demonstrated that the inhibition of PLK1 using siRNA in SF188 cell lines decreases cell growth. Diminished proliferation after PLK1 inhibition has also been reported in adenocarcinoma, 13 leukemia, 35 melanoma, 36 cervical adenocarcinoma 37 and osteosarcoma cells. 38 Synergistic effects with TMZ were also observed in both the cell lines at simultaneous treatment; however, this was not always observed when cells were treated first with BI 2536 and even less frequent when cells were pretreated with TMZ, probably due to interaction in the inhibition pathways. Sensitization caused by BI 2536 has been previously demonstrated for NVP-AEW541 (inhibitor of insulin-like growth factor-1 receptor) in biliary tract cancer, 39 pointing to the possibility of using BI 2536 in multimodality therapy. Although a decrease in proliferation was found in GBM primary tumor cultures, this was less efficient than for cell lines; this could be explained by the fact that in tumor samples PLK2 gene expression was down-regulated (see Figure 1) , and as a tumor suppressor, it could be responsible for the poor efficiency in decreasing proliferation. Besides proliferation, the ability of cancer cells to form colonies is also a fundamental requirement in the metastasis process. Similar to the decrease in clonogenic capacity after treatment observed here, Renner et al. 35 obtained 40 and 65% reduction of the clonogenic potential of leukemia cells treated with BI 2536; moreover, Morales et al. 38 and Oliveira et al. 36 have shown decreased clonogenic formation in osteosarcoma cell lines and melanoma, respectively.
Moreover, the in vitro effects of BI 2536 on SF188 and T98G in cell cycle progression showed an accumulation of cells with a doubled DNA content. This G2/M increase has been previously reported after PLK1 inhibition in osterosarcoma cell lines, 38 in melanoma cells 36 and in breast cancer cells. 40 Further cytogenetic analysis demonstrated a higher accumulation (B20%) of dividing cells after 24 h. BI 2536 has been shown to cause mitotic arrest in Combination index (CI) values o1 correspond to a synergistic interaction Dose reduction index (DRI) reflects the fold reduction in the required concentration of tested agents when used in combination to achieve the comparable affected fraction (AF). Synergistic interactions are marked in gray.
cervix adenocarcinoma 37 and in xenografted mice. 13 However, as shown by the present results, after longer treatment, the mitotic index decreased to normal levels. It has been demonstrated that siRNA-mediated PLK1 inhibition also interferes with the correct assembly of the anaphase-promoting complex, preventing cytokinesis. 41 In turn, after repeated division efforts, cells proceed toward apoptosis and death.
Cytological studies demonstrated that BI 2536-treated cells die mostly due to mitotic catastrophe, 42 which is markedly enhanced in cells lacking TP53 function such as SF188 and T98G, and is characterized by changes in nuclear morphology 43 that precedes cell death. 44 Herein, we showed a high increase in cell death in both the cell lines after treatment with BI 2536, although this increase was not enhanced by combining with TMZ. Increased cell death has also been reported in several other tumor cells after PLK1 inhibition with BI 2536, 40, 45 and even in SF188 cell line after inhibition of PLK1 with siRNA. 23 Moreover, the ability of cells to cross through coated chambers and migrate was also significantly decreased by treatment with BI 2536 in our models. Similar results were reported by Zhang et al. 46 in bladder carcinoma cells treated with the PLK1-inhibitor scytonemin, and after silencing by siRNA in colorectal cancer cells. 47 Although the underlying mechanisms by which PLK1 inhibition might contribute to the suppression of cell invasion are still unclear, recent data demonstrated that PLK1 affects invasion by phosphorylating vimentin and downregulating cell surface b1 integrin. 48 GBM treatment is hampered by its inherent chemoresistance and its ability to invade/infiltrate surrounding tissues. Although efforts have been made in order to improve survival, most drugs developed so far have shown disappointing results in clinical trials. In the present study, we showed that PLK1 inhibition not only has antiproliferative effects limiting invasion of tumor cells but also increases the cytotoxicity of TMZ.
BI 2536 proved to be well-tolerated in intravenous dose regimens, efficiently crossed the brain-blood-barrier and inhibited tumor growth in vivo in several models. 13 Although, the use of BI 2536 in patients has been shown to be safe in phase I clinical trials, [49] [50] controversially, some adverse effects in phase II clinical trials have been pointed out. [51] [52] Even so, our data support the likelihood of using PLK1 as a therapeutic target, opening pharmacologic perspectives for the treatment of GBMs. The future direction of this research will lead us to perform experiments in xenografted mouse models.
